Abstract-In this paper, a hybrid algorithm of binary lightning search algorithm and simulated annealing (BLSA-SA) is proposed to optimize the design of multilayer microwave absorbers for normal incidence. The multilayer absorber is designed to find a set of coatings that minimize the reflection coefficient over the desired frequency. The design problem is translated into solving the binary problem. Three different design examples are presented to verify the performance of the BLSA-SA. The results show that the reflection coefficient and thickness of BLSA-SA are better than those of other heuristic algorithms for multilayer absorber design. In the five-layer design, the standard deviation of BLSA-SA is the smallest among the 20 independent test results of the algorithms, which indicates that the BLSA-SA algorithm, has a strong stability.
INTRODUCTION
Microwave absorbers are often used to reduce radar echoes from anechoic chambers, aircraft, etc., as well as to achieve military self-concealing technology. Electronic instruments and equipment are usually coated or protected by absorbing materials to reduce the radar cross-section of various objects. Absorbent materials are made of ferrite, silicon carbide and other new absorption materials, attenuating incident electromagnetic radiation and converting its energy into heat. The goal of designing an absorber is to make these coatings not only suppress reflection over the desired frequency, but also need to be thin to be practical and economical [1] . Due to few electromagnetic parameters for adjustment, single layer absorbers have the drawbacks of narrow frequency band and thick structure. Recently, more and more researchers have focused on multilayer absorbers [2] .
The absorption characteristics of multilayer microwave absorbers are related to the incident frequency, angle, electromagnetic parameters (permittivity and permeability) of materials, and the thickness and arrangement of each layer. In the case of a specific frequency range, how to choose materials and their thickness to minimize the reflection coefficient of the absorber can be considered as an optimization problem. In recent years, heuristic algorithms such as genetic algorithm (GA) [1] [2] [3] , particle swarm optimization (PSO) [4] [5] [6] , differential evolution (DE) [7, 8] , and central force optimization (CFO) [9] have solved this problem. Although these algorithms optimize multilayer absorbers that minimize the reflection coefficient of the incident wave at multiple angles of incidence and in different frequency ranges, the thickness and reflection coefficient of the absorbers that they obtain can be further reduced. In this study, a hybrid method of binary lightning search algorithm and simulated annealing (BLSA-SA) is adopted to optimize the multilayer microwave absorber. The hybrid algorithm transforms the optimization problem of the absorber parameters into solving the binary problem, which obtains a more accurate solution. Among them, binary lightning search algorithm (BLSA) [10] is a binary variable of the standard lightning search algorithm (LSA) [11] , which is mainly used to solve binary problems directly, and has proved its search accuracy is high. Moreover, the purpose of introducing simulated annealing (SA) [12] is to avoid the BLSA falling into the local optimal solution. Before the introduction of simulated annealing, the crossover and mutation operations are added to make the algorithm have higher computational accuracy. The BLSA-SA algorithm is used to design absorbers that absorb the maximum amount of vertically incident microwave energy. The study is divided into three design examples, five-layer design, seven-layer design and three-layer design, and the frequency range is different. The BLSA-SA algorithm obtains thinner and less reflective absorbers than other heuristic algorithms for the three design examples. It is shown that BLSA-SA has a certain advantage in designing multilayer microwave absorber. The remainder of the paper is organized as follows.
This article is organized in the following sections. Section 2 briefly describes the physical model of the multilayer absorber. Section 3 presents the hybrid BLSA-SA algorithm. Section 4 is the experimental results and analysis, divided into three design examples. Finally, Section 5 gives conclusions and future studies.
PHYSICS MODEL OF MULTILAYER ABSORBER
A multilayer absorber consisting of N -layer different materials backed by a perfect electric conductor (PEC) is shown in Fig. 1 . The incident wave exists in free space and is normally incident on the first interface [9] . Then, a series of electromagnetic waves propagating in the positive direction and reflected waves propagating in the opposite direction are generated in the absorption layer. The reflection coefficient R at the interface between free space and the absorber can be calculated by using the following equations [6, 13, 14] :
where η 0 is the intrinsic impedance of free space, η 0 = 377 ohms; Z 1 is the total impedance of the absorber. According to the transmission line theory, the input impedance of the i-th layer for the normal incident electromagnetic wave is expressed as follows [6, 15] :
where η i , t i and β i are the wave impedance, thickness and phase constant of the i-th layer, respectively; j is an imaginary unit. The impedance of the last material (i = N ) shows that it is close to the perfect conductor. η i and β i are defined as follows:
where μ i and ε i are the relative permeability and relative permittivity of the i-th layer of material, respectively; f is the frequency; c is the velocity of light. This multilayer absorber structure has been solved by using the transmission line theory, and the input impedance Z i of each layer is obtained. In addition, the operational characteristics of the multilayer absorber can be analyzed using the equivalent circuit diagram of the series transmission line of Fig. 2 . Given these conditions, the absorber is designed to obtain a set of layers that minimize the maximum reflection coefficient within the previously defined frequency band. Thus, the objective function can be expressed as follows:
where B is the frequency band; max |R(f )| is the maximum reflection coefficient of multilayer structure; 20 log 10 |R(f )| [14] is the reflection loss, expressed in dB. Multilayer absorbers need to consider the electromagnetic properties and thickness of each coating, so its design needs to optimize 2N parameters. This is a nonlinear multivariate optimization that takes into account continuous variables such as thickness and frequency, as well as discrete variables such as a combination of coatings. In this paper, the binary coding method is used to solve the multilayer microwave absorber design problem. Binary lightning search algorithm (BLSA) is adopted for the design because it has a high search accuracy to solve the binary optimization problem. In order to further improve the BLSA, simulated annealing (SA) will be combined.
HYBRID BLSA-SA FOR MULTILAYER ABSORBER
In this section, we mainly introduce a hybrid algorithm of binary lightning search algorithm and simulated annealing (BLSA-SA) and apply it to the design of multilayer microwave absorber.
Lightning Search Algorithm
Lightning search algorithm (LSA) is a meta-heuristic algorithm first proposed by Shareef et al. in 2015, which has a high convergence rate. It is inspired by the natural phenomena of lightning discharge to the ground. The algorithm is based on the mechanism of step leader propagation using "projectile". Each projectile creates a step size and a channel, in other words, the projectile is similar to the term "particle" used in the PSO. In the LSA, the solution refers to the current step leader's energy [11, 16] .
The LSA consists of three types of projectiles: transition projectile, space projectile and lead projectile. The step leaders are formed in the first phase because transition projectiles are ejected from the thunder cell in a random direction. Therefore, the transition projectile
can be modeled as a random number drawn from the standard uniform probability distribution as follow:
where x T is a random number that may provide a solution; a and b are the lower and upper bounds, respectively, of the solution space. The position of the space projectile
. . , p S K ] at step + 1 can be modeled as a random number generated from the exponential distribution with shaping parameter μ as follow:
Thus, the position and direction of p S k at step + 1 can be written as follow:
where exp rand is an exponential random number; μ k is the distance between the space projectile p S k and lead projectile p L ; p S k new is the new projectile and p S k the old projectile. The lead projectile p L moves closer to the ground as the current optimal solution, which can be modeled as a random number taken from the standard normal distribution as follow:
This projectile can search in all directions from the current position defined by the shape parameter (μ L ). It also has an exploitation ability defined by the scale parameter (σ L ). The scale parameter σ L exponentially decreases as the projectile progresses toward the earth or as it finds the best solution. Thus, the position of p L at step + 1 can be written as follow:
where normrand is a random number generated by the normal distribution function; p L new is the new projectile lead.
In addition, forking is an important property of a stepped leader, and it will have two simultaneous and symmetrical branches. In the LSA, forking is implemented in two ways. First, symmetrical channels are created because the nuclei collision of the projectile is expressed by using the opposite number as follow:
where p k and p k are the opposite and original projectiles, respectively; a and b are the boundary limits. In order to maintain the population size, the forking leader selects p k or p k with a better fitness value. Second, a channel is assumed to appear at the current lead projectile p L tip because of the energy redistribution of the most unsuccessful leader after several propagation trials. The unsuccessful leader can be redistributed by defining the maximum allowable number of trials as channel time.
Binary Lightning Search Algorithm
The standard LSA is suitable for continuous problems, but it cannot solve the design of multilayer absorbers using binary codes. The following describes the binary variant of LSA -binary lightning search algorithm (BLSA). The BLSA was proposed by Islam et al. in 2016 to optimize the binary combinational problems [10] . In the BLSA, each projectile position vector is a binary one that represents the material type and thickness of each layer of the absorber, and the position update is to flip the bits from "0" to "1" and vice versa. The projectile positions p S k and p L are initially determined for BLSA using Eqs. (8) and (10) of the standard LSA. In the next step, the tangent hyperbolic sigmoid probability transfer function T f (p k ), which is interpreted as a probability gate, is designed according to Eq. (12) to map a binary search space. Then, the projectile's position at step + 1 is updated following the probability function with a condition as shown in Eq. (13) .
where rand is the uniform random variable in [0, 1]. For the optimization of multilayer absorber design, projectiles (also called individuals) are encoded by binary strings. In this study, the binary string of each individual represents a design scheme of the N -layer absorber, which can be expressed as follows:
where S k is the binary string of the k-th individual; K is the population size of the BLSA; m i and t i are the coding of the kind and thickness of the i-th layer material, respectively.
Simulated Annealing
Simulation algorithm is introduced to avoid the BLSA to fall into the local optimum when finding the best parameter values of the multilayer absorber. The SA was proposed by Kirkpatrick et al. in 1983 to deal with complex nonlinear problems [12] . It is inspired from thermodynamics to simulate the physical process of annealing of molten metals. The main difference between simulated annealing and other heuristic algorithms is the update operation. It not only accepts the better solution of the next generation, but also accepts the poor solution at a certain probability. The SA algorithm determines whether the next solution is accepted according to the Metropolis criteria [17] shown in Eq. (15) .
Step 1: Initialize population, iteration and channel time of the BLSA, crossover probability and mutation probability.
Step 2: Randomly generate step leaders according to Eq. (6), transition projectiles are encoded by binary strings representing the design of the multilayer microwave absorber.
Step 3: Calculate the projectile energy E sl .
Step 4: Enter the main loop, update best and worst step leaders and the current best maximum reflection coefficient of the absorber.
Step 5: If the maximum channel time is reached, the bad channel (solution) is eliminated and replaced with the best, otherwise go to step 6.
Step 6: Update the direction of projectiles, then eject space and lead projectiles using Eqs. (8) and (10) to generate the sub-projectiles.
Step 7: The sub-projectiles are mapped to the binary search space using Eq. (13).
Step 8: Calculate the sub-projectile energy E P .
Step 9: If E P < E sl update the projectile position and energy and occur forking, otherwise keep the original position. When the forking occurs, create two symmetrical channels at the fork and select a better channel to enter the next generation.
Step 10: Perform the crossover operation and then perform simulated annealing.
Step 11: Perform the mutation operation and then perform simulated annealing.
Step 12: If the maximum number of iterations is reached, the optimal design parameters of the absorber is output, otherwise go to step 4 to enter the next generation search.
where T is temperature parameter; ΔE(= E − E) is the difference between the current energy E = f (x) and the next solution's energy E = f (x ). The energy here is similar to the energy of the LSA, which corresponds to the objective function value in the optimization problem. As the simulation proceeds, the temperature T gradually decreases, which is a cooling process. It means that the acceptance probability is getting smaller, and the algorithm finally obtains the global optimum solution.
Proposed Hybrid BLSA-SA
Hybrid BLSA-SA algorithm takes BLSA as the main process. In order to introduce the simulated annealing mechanism, BLSA is added to the crossover and mutation operation to further optimize the population. At each iteration, the crossover operation chooses a specified number of individuals into a pool based on the crossover probability P c and randomly selects two individuals in the pool to perform two-point crossover to produce the same number of sub-individuals. In addition, the mutation operation is performed for each dimension of each individual according to a smaller mutation probability P m . Whether the sub-individuals obtained by the crossover and mutation operations can replace their parents are based on simulated annealing. The implementation of the hybrid BLSA-SA algorithm consists of two parts. First, according to the evolution of the BLSA algorithm, a better group is generated, which focuses on the global search capability, and then applies the crossover and mutation operations to perform simulated annealing to further improve the accuracy of the solution, which focuses on local search. The process of BLSA-SA in this study is as in the above table.
A flowchart of BLSA-SA is shown in Fig. 3 .
RESULTS AND ANALYSIS
This section presents three design examples to illustrate the advantages of applying the hybrid BLSA-SA algorithm to design multilayer microwave absorbers. The BLSA-SA results are compared with those of the standard LSA and those published in the literature obtained by other heuristic algorithms. The optimization strategy focuses on selecting the best material from a previously constructed material database. In this study, the database employs 16 different materials [3] , and their relative permittivity and permeability are summarized in Table 1 . These materials have been widely used in the literature [1] [2] [3] [6] [7] [8] [9] . In addition, the best design parameters obtained from other algorithms in the literature, including the material and thickness of each layer, are used to calculate the reflection coefficient for this design over a specified frequency range. And the maximum reflection coefficient and reflection coefficient curve in the frequency range are the same as those given in the literature, which proves that the following experimental simulation has some reliability. In the design example, the maximum thickness of each layer is set to 2 mm. Thus, the BLSA-SA algorithm can use 4 bit and 12 bit binary strings to represent the material type m i and thickness t i of each layer, respectively. In the binary string representing the thickness, the first 2 bits are the integral part, and the last 10 bits are the fractional part. According to Eq. (14), the length of the binary string of the algorithm's individual is 16N .
The BLSA-SA and LSA algorithms run under MATLAB R2012a using an Intel(R) Xeon(R) CPU E5-1620 v3 @ 3.50 GHz processor and 8.00 GB memory.
First Example (Five-Layer Design)
The absorber is composed of five layers to minimize the reflection coefficient in the frequency range of 2-8 GHz. The design results of BLSA-SA are compared with the results of the following five heuristic algorithms: lightning search algorithm (LSA), particle swarm optimization (PSO), gravitational search algorithm (GSA) [18] , differential evolution (DE) [8] and central force optimization (CFO) [19] . The data for the last four algorithms can be found in [9] . The frequency step is 0.5 GHz, and the maximum total thickness of the absorber is 5 mm. In this experiment, each individual of the BLSA-SA algorithm is represented by an 80-bit binary string. Each algorithm runs 20 times independently, and the number of iterations is 1000. Other control parameters associated with all algorithms are as follows [9] :
BLSA parameter setting: population size K = 50, channel time T = 10 and forking rate r = 0.01. Figure 3 . Flowchart of the hybrid BLSA-SA. Table 2 shows the best design results for the six algorithms after 20 trials. The BLSA-SA obtains the best maximum reflection coefficient over the desired frequency. Although its total thickness is worse than the CFO algorithm, it is thinner than the other four algorithms. The corresponding reflection coefficients in Table 2 are plotted in Fig. 4. Fig. 5 shows the convergence curves of the BLSA-SA and LSA algorithms. It can be found that the convergence accuracy of BLSA-SA is higher than that of LSA.
Moreover, the convergence curve of BLSA-SA has a retrogression phenomenon because it incorporates the simulated annealing mechanism, which accepts a solution worse than the current solution with a certain probability, but eventually converges to the minimum, indicating that the BLSA-SA algorithm has the ability to avoid falling into the local optimum. Table 3 presents the statistical results of the maximum reflection coefficient (best, worst, mean and standard deviation values) for each algorithm. It can be seen that the BLSA-SA is more stable than other algorithms when designing such a five-layer absorber. Table 2 .
The above five-layer absorber is thicker, and if the maximum total thickness is set to 2.57 mm, the best design results obtained by the six algorithms are shown in Table 4 . It can be seen that the best maximum reflection coefficient of BLSA-SA is only worse than that of DE, but its design total thickness is thinner than DE. In addition, the BLSA-SA has a better reflection coefficient and thickness than CFO. Fig. 6 shows the reflection coefficients for this design. The BLSA-SA achieves the maximum peak −35.2599 dB at 2.4 GHz. Fig. 7 shows the convergence curves of the BLSA-SA and LSA algorithms. It can also be found that the convergence accuracy of BLSA-SA is higher than that of LSA. Table 5 0  100  200  300  400  500  600  700  800  900 Figure 6 . Reflection coefficients described in Table 4 . 
Second Example (Seven-Layer Design)
In this example, a seven-layer absorber is optimized by the BLSA-SA algorithm to minimize the reflection coefficient over a wide frequency range of 0.1-20 GHz. The maximum total thickness of the seven-layer absorber is 10 mm. Here, each individual of the BLSA-SA algorithm is represented by a 112-bit binary string. The design results of BLSA-SA are compared with the results of LSA, CFO and modified local best particle swarm optimization (MLPSO) [20] . Table 6 shows the best design results for the above four algorithms. The BLSA-SA algorithm gives two results. The maximum reflection Figure 8 . Reflection coefficients described in Table 6 . coefficient and total thickness of BLSA-SA1 are better than CFO. The maximum reflection coefficient of BLSA-SA2 is close to MLPSO, and its total thickness is much thinner. Fig. 8 shows the reflection coefficients of the seven-layer absorber optimized by four algorithms. The convergence curves of BLSA-SA and LSA are shown in Fig. 9 . It can be found that the convergence accuracy of BLSA-SA1 and BLSA-SA2 is higher than that of LSA.
Third Example (Three-Layer Design)
This example presents the design of a three-layer microwave absorber in the frequency range of 0.85 GHz to 5.4 GHz belonging to the wireless communication. Each individual of the BLSA-SA is encoded by a 48-bit binary string. The best optimization results of BLSA-SA are compared with the results of LSA and unified particle swarm optimization (UPSO) [6] , as shown in Table 7 . It can be found that the optimization results of BLSA-SA agree with those obtained by UPSO. However, the LSA optimization results are not that good. It is shown that the feasibility of the BLSA-SA algorithm to optimize the three-layer absorber, although the limited results reproducibility persists. The reflection coefficients of the absorber designed by BLSA-SA, LSA and UPSO are shown in Fig. 10. Fig. 11 shows the convergence curves of BLSA-SA and LSA, in which the convergence accuracy of BLSA-SA is obviously higher than that of LSA. Figure 10 . Reflection coefficients described in Table 7 . 
CONCLUSIONS
In this paper, a hybrid algorithm of binary lightning search algorithm and simulated annealing is proposed to solve the problem of multilayer microwave absorber design in the case of vertical incidence. The purpose of this study is to find a set of coatings with the smallest reflection coefficient and thin thickness in a specific frequency range. Three different design examples are presented, and the design results of BLSA-SA are compared with those of other algorithms published in the literature. In the five-layer design, divided into the maximum total thickness of 5 mm and 2.57 mm two cases, the BLSA-SA gives better maximum reflection coefficient and total thickness than other algorithms. The BLSA-SA In the five-layer design, the maximum total thickness is divided into two cases, which are 5 mm and 2.57 mm, respectively. The BLSA-SA algorithm has better maximum reflection coefficient and total thickness than other algorithms in both cases. Moreover, the BLSA-SA algorithm has the minimum standard deviation after 20 independent runs, indicating that the BLSA-SA is more stable than other algorithms. In the seven-layer design, the BLSA-SA achieves very small maximum reflectance (−18.0406 dB) and very thin thicknesses (5.7784 mm) over a wide frequency range (0.1-20 GHz). In addition, the BLSA-SA optimization results are consistent with the UPSO in the three-layer design, which illustrates the feasibility of the BLSA-SA algorithm for designing the three-layer absorber.
The optimized design of the multilayer absorber in this study only discusses the case of vertical incidence of electromagnetic waves. The incidence of electromagnetic waves in the multi-angle or range of angles will be discussed in future studies. There are sixteen fictional materials used to validate the effectiveness of the proposed algorithm. Future research should introduce more new and practical absorbent materials. The design problem of multilayer microwave absorbers is to make the absorber's reflection coefficient and the total thickness as small as possible, which can be considered as two objective functions [2, 5] . The hybrid BLSA-SA algorithm will be used to solve this multi-objective problem and compared with other algorithms to verify its performance.
